Introduction
Over the past 2 decades, atherosclerosis has gained recognition as an immune-mediated process. Many investigators have elegantly demonstrated that not only does cholesterol homeostasis play a role in the pathogenesis of atherosclerosis, but that innate and adaptive immunity are important in this disease. Atherosclerosis is modulated by infection [1] , immunodeficiency [2] and autoimmunity [3] . Perhaps one of the most interesting recent discoveries is that circulating lipids and immunity are closely linked and have a great deal of influence on each other. For example, it has been demonstrated that apolipoproteins, such as apoliprotein (apo)E and apo-AI, i.e. molecules that have extensively been studied for their role in lipoprotein metabolism and clearance, also have important roles in the development of normal immune responses and inhibiting inflammation [4, 5] . Conversely, it has been shown that modified lipoproteins, such as oxidized low-density lipoprotein (oxLDL), can have detrimental effects on inflammation by promoting chemotaxis and cytokine secretion by macrophages [6] . In fact, oxLDL is one of the most prevalent antigens associated with atherosclerosis eliciting specific responses from both B and T cells. Almost every aspect of immunity, including apoptosis and efficient clearance of apoptotic cells by macrophages, has been highlighted as either being protective or pathogenic in the atherosclerotic process.
The purpose of this review is to highlight the importance of an interesting member of the innate immune system that shares qualities with cells of both innate and adaptive immune responses: natural killer T (NKT) cells. As detailed in the following sections, NKT cells are unique effector cells that share identity with traditional NK cells and classical T cells ( fig. 1 ). Numerous investigators have demonstrated regulatory roles of NKT cells and have found that, although few in number, their presence and responses can have a catalytic impact on disease progression. Their importance in atherosclerosis was emphasized in 2004, when three studies were published demonstrating that activation of NKT cells by specific ligand resulted in enhanced aortic lesion formation [7] [8] [9] . In this review, we will discuss atherosclerosis as a disease of the immune system, as well as the unique characteristics of NKT cells and why they are relevant to study in the context of chronic inflammation and cardiovascular disease (CVD).
Atherosclerosis and Immunity
Atherosclerosis is a disease involving many cellular processes, and has long been associated with hypercholesterolemia. A growing body of evidence also supports the role of inflammation and immunity in the pathogenesis of atherosclerosis. Studies in CVD have suggested both anti-and pro-atherogenic roles for immunity. In general, it has been demonstrated that macrophages and T cells make up the largest percentage of immune cells present in the atherosclerotic plaque and they appear to contribute to the inflammatory process by producing cytokines that attract smooth muscle cells and other lymphocytes, and compromise plaque stability [10] . CD4+ T cells reactive against oxLDL can be isolated from human atherosclerotic lesions [11] , and studies in T-cell-deficient mice have demonstrated a pro-atherogenic role for conventional CD4+ T cells. Conversely, CD4+CD25+ regulatory T cells have been shown to protect against atherosclerosis [12, 13] .
Although it was thought that B cells were present in few numbers in lesions, Galkina et al. [14] recently demonstrated that B cells are a significant population in both normal and atherosclerotic mouse aortas. The effects of B cells and the antibodies they produce seem to depend on their antigen specificity. For example, although titers of oxLDL antibodies are shown to correlate directly with severity of disease and are often used as markers of CVD risk [15] [16] [17] [18] , antibodies generated against modified phospholipid (such as phosphorylcholine found in oxLDL and apoptotic cells) have been shown to be protective [19] [20] [21] [22] . In fact, immunization of atherosclerosis-susceptible rabbits and mice with oxLDL and malondialdehyde (MDA)-LDL results in protection against atherosclerosis [22, 23] , perhaps via a strong Th2 (anti-inflammatory) polarization which seems to rely heavily on IL-5-mediated stimulation of B-1 B cells [20] . Conversely, antibodies against ␤ 2 -glycoprotein I ( ␤ 2GPI; identified in both humans suffering from CVD and in animal models of atherosclerosis [24] [25] [26] [27] [28] ) are thought to promote atherosclerosis [29, 30] , and immunization of animals with HSP-60/65 results in increased atherosclerosis [30] [31] [32] . Finally, we have shown that specific deletion of B cells in LDLr-/-mice results in enhanced atherosclerosis compared to control animals [33] . Therefore, it is possible that the 'quality' of the antibody response (i.e. isotype or antigen specificity) may influence the atherosclerosis outcome. For more in depth discussion regarding adaptive immunity and atherosclerosis see recent reviews on this topic [34, 35] .
Innate Immunity and Atherosclerosis
It is no secret that innate immunity plays a major role in the atherosclerotic process. Macrophages, NK cells, mast cells and dendritic cells have all been studied and shown to play a role in plaque progression [35, 36] . Macrophages are the initial and primary cell type that make up lesions both in humans and mice. Numerous studies have focused on the role of macrophages in CVD from the aspect of cells important for cholesterol homeostasis and scavenging modified lipoproteins and apoptotic cells [37] to their role as mediators of basic inflammatory responses.
More recent studies have demonstrated that macrophages have a unique ability to regulate inflammation in atherosclerosis via the expression of Toll-like receptors (TLRs). These receptors, specifically TLR-4 [38] , TLR-2 [39] and most recently TLR-9 [40] , have been shown to play integral roles in the development of atherogenic plaques. Mice that are deficient in MyD-88, a shared adapter molecule for TLR-4, TLR-2 and TLR-9, have been shown to have decreased atherosclerosis on the apoE-/-and LDLr-/-background [38] . These studies demonstrated that receptors and molecules once thought to only function in immunity against infection have specific roles in the atherogenic process. This further emphasizes that atherosclerosis is more than simply a disease associated with lipid metabolism and that the intricate interplay between immunity, inflammation and dyslipidemia is a significant area of further investigation.
Invariant NKT Cells
In addition to the more mainstream members of the innate and acquired immune system, recent studies have highlighted the role of a less traditional cell type, NKT cells, and their role in chronic inflammatory diseases. NKT cells are a unique subset of T lymphocytes that share surface receptors with both conventional T cells (TCR and CD4) and natural killer (NK) cells (NK1.1 and Ly49) and are found in both humans and mice. NKT cells are abundant in the liver and most lymphoid tissues, and type I NKT cells, or invariant NKT (iNKT) cells, have a restricted T-cell receptor expression (V ␣ 14-J ␣ 18/V ␤ 8 in mice and V ␣ 24-J ␣ 18/V ␤ 11 in humans) [41] . However, unlike conventional T cells which recognize peptide antigens presented by major histocompatibility complex (MHC) I or MHC II molecules, iNKT cells recognize glycolipid antigen presented by the non-classical antigenpresenting molecule CD1d on antigen-presenting cells (APCs). Upon activation, iNKT cells rapidly secrete large amounts of anti-inflammatory cytokines such as IL-4, IL-10 and IL-13, and pro-inflammatory cytokines such as IFN-␥ , which allows for a wide range of regulatory potential [42] . Activated iNKT cells can also promote dendritic cell maturation and monocyte activation by signaling through CD1d [43] , and are capable of inducing tolerance by communicating with regulatory T cells [44] . In addition to displaying immune-regulating properties, iNKT cells have been implicated in a variety of disease conditions, thus modulation of the functions of these cells may lead to potential therapies. For example, studies involving autoimmune diseases (highlighted below) have shown that iNKT cells suppress inflammation [45] [46] [47] . iNKT cells have also been shown to increase anti-tumor immunity [48] and protect against infections [49] . In contrast, our laboratory [7] and others [8, 9] have demonstrated that iNKT cells are pro-atherogenic in both apoE-/-and LDLr-/-mice, as well as C57BL/6 mice on a high-fat diet.
Although few physiological ligand(s) are known, iNKT cells strongly respond to and are specifically activated by ␣ -galactosylceramide ( ␣ -GalCer), a glycosphingolipid originally isolated from a marine sponge (Agelas mauritanus) . First identified for its anti-metastatic properties, ␣ -GalCer specifically binds to CD1d on APCs and selectively activates iNKT cells [50] . Activation of iNKT cells by ␣ -GalCer (synthetic homologue KRN7000) in vivo has been shown to suppress inflammation in autoimmune diseases such as type-1 diabetes in mice [51] ; however it has also been shown to exacerbate atherosclerosis [7] [8] [9] . iNKT cells are also activated by other 'natural' glycolipid ligands, albeit much less effectively. For example, several bacterial glycolipids have been shown to activate iNKT cells and may possibly play a role in clearing of infections by iNKT cells. Among these are ␣ -galactosyldiacylglycerols expressed by Gram-negative, LPS-negative Borrelia burgdorferi and ␣ -galacturonosylceramide and ␣ -glucuronosylceramide derived from Gram-negative, LPS-negative Sphingomonas [52] .
iNKT Cell Ontogeny iNKT cells undergo thymic development similar to conventional T cells, however they diverge during the double-positive thymocyte stage of development [53] . In contrast to the selection of conventional T cells by peptide antigens presented by MHC molecules, iNKT cell selection requires glycolipid antigen presented by CD1d on double-positive cortical thymocytes [54] . Once positively selected, iNKT cells undergo expansion within the thymus. Most iNKT cells leave the thymus as immature (NK1.1-) cells and further mature in the periphery [55, 56] , however, recent studies have shown that a smaller portion of mature NKT cells remain NK1.1-in peripheral tissues and are functionally distinct from the NK1.1+ population [57] .
Mature iNKT cells have the capability to rapidly produce large amounts of cytokines upon activation. Although a variety of lipid antigens have been shown to activate iNKT cells, each of these molecules must be presented to iNKT cells by CD1d. CD1d is an MHC class I-like molecule constitutively expressed by APCs, such as macrophages, dendritic cells and B cells [58] . Shortly after biosynthesis in the endoplasmic reticulum, CD1d is loaded with endogenous lipid by microsomal triglyceride transfer protein and trafficked to the plasma membrane. CD1d then undergoes extensive recycling between the plasma membrane and lysosome, where saposins facilitate lipid exchange.
Saposins are a group of four lipid transfer proteins derived from a common precursor, termed prosaposin [59] . A genetic link between iNKT cells and lipid metabolism was demonstrated in studies using prosaposin-deficient mice, which lack iNKT cells and display impaired ability to present iNKT ligand [60] . The deep hydrophobic antigen-binding pocket of CD1d allows for glycolipid antigen binding [61] and, after trafficking to the plasma membrane, lipid antigen-loaded CD1d engages the invariant TCR on the iNKT cell leading to subsequent activation and rapid cytokine production.
In addition to this direct pathway of activation by glycolipid antigens presented on CD1d, iNKT cell activation can also occur via an indirect mechanism first involving APC activation ( fig. 2 ) . Briefly, TLR-mediated activation of APCs leads to proinflammatory cytokine production which, along with weak interaction of iNKT cells with endogenous antigens, can activate iNKT cells [62] .
iNKT Cells and Infection
Cells of the iNKT lineage are essential components in the fight against infectious agents. Much like the cells of the innate immune system, iNKT cells are capable of recognizing pathogenic structures of similar patterns. An infectious agent capable of eliciting an iNKT cell response is the Gram-negative spirochete bacterium causative of Lyme disease: B. burgdorferi [63] . In a study performed to elucidate the B.-burgdorferi -mediated mechanism of iNKT cell activation, it was reported that BbGL-IIc, a galactosyl diacylglycerol comprising 12% of the lipid content of B. burgdorferi , is responsible for proliferation and activation of splenic and hepatic iNKT cells derived from C57BL/6 mice. BbGL-IIc associated with CD1d and variants of this lipid were ineffective at eliciting similar activated phenotypes on iNKT cells [64] . These data indicate that iNKT cells can respond to specific pathogen lipid components through direct engagement of their TCR. In a recent study, C57BL/6 mice lacking iNKT cells exhibited severe heart inflammation and bacterial burden in response to B. burgdorferi challenge. In contrast, it was found that C57BL/6 mice with functional iNKT cells were found to have reduced bacterial loads and mitigated symptoms of disease [65] . In this infectious model, iNKT cells were found to migrate to infected sites of the heart and provide protection via secreted IFN-␥ and macrophage activation. A different, well-studied example of iNKT cell activation via microbial glycolipids includes GSL-1 derived from Sphingomona paucimobilis [66] . Just like BbGL-IIc, GSL-1 was found to load on CD1d and produce an iNKT-cell-mediated response. The only characteristic shared by these two iNKT cell ligands is an ␣ -anomeric sugar attached to the different lipid groups [63] . These examples of glycolipid recognition illustrate the ability of iNKT cells to behave like cells of the innate immune system by responding to similar molecular patterns associated with different pathogens.
iNKT Cells and Cancer
Harnessing cytotoxic effects of iNKT cells to targets responsible for the formation of cancer has been one of the main drivers of research for this cell type. The marine-sponge-derived synthetic iNKT cell ligand ␣ -GalCer was discovered by its ability to prevent metastatic tumor formation [67, 68] . When iNKT cells were discovered to be the main cell type responsible for recognition of ␣ -GalCer, great excitement followed research to understand their mechanism of tumor suppression [69] . This excitement has been met with difficulty to detect the endogenous lipid ligands present in cancer cells responsible for iNKT cell activation [70] . Early studies of mice deficient in iNKT cells provided an indirect measure to study resistance to tumor formation. In murine models of tumor induction mediated by methylcholanthrene-induced fibrosarcomas, it was shown that passive transfer of iNKT cells provided protection against sarcoma formation [71] . Initial findings of iNKT cell immunogenicity have driven scientific groups to produce iNKT cell vaccines that provide immunity against tumor formation. In an iNKT cell vaccine study [72] , it was reported that loading of a non-immunogenic murine lymphoma cell line, A20, with ␣ -GalCer produced tumorspecific protective immunity. Mice re-challenged with A20 cells exhibited a memory phenotype protecting mice against lymphoma formation. These studies have shown the adaptive immune system becomes activated following inoculation with iNKT-cell-specific vaccine. Adaptive immunity involvement is an interesting outcome and elucidating this mechanism would be a breakthrough in cancer research; it would provide a system that bridges innate and adaptive immunity and targets tumor cells. Translation of this protection to humans has proven difficult, as NKT cell frequency is lower in human spleen, thymus and blood than in mice [53] , and use of the anti-metastatic compound ␣ -GalCer can cause side effects affecting the cardiovascular system (see atherosclerosis section). Whether this protection translates to humans is a feat to be accomplished. 
iNKT Cells and Autoimmunity
There is an intricate relationship between iNKT cell function and defects in the modulation of autoimmune disease. The majority of the information known about iNKT cell modulation of disease comes from murine models of autoimmune disorders such as: experimental autoimmune encephalomyelitis (EAE), non-obese diabetic mice, graft transplantation rejection model representing human type I diabetes (T1D) and human graftversus-host disease [73] . A clue to the immunomodulatory ability of iNKT cells came from EAE studies where synthetic analogues of ␣ -GalCer were utilized to treat a peptide-induced model of EAE [74] . In this particular study, a peptide derived from myelin oligodendrocyte was used to induce CNS disease in C57BL/6 mice and iNKT-cell-deficient (J ␣ 281-/-) mice. C57BL/6 mice were protected from EAE by injection of ␣ -GalCer analogues while in iNKT-cell-deficient mice EAE progression was not altered.
Additionally, iNKT cells have been studied in the context of T1D. In studies of monozygotic twins suffering from T1D, lower numbers of iNKT cells and abnormal polarization of Th1 responses have been observed [75] . This phenotype is similar to the non-obese diabetic mouse model [76] , where iNKT cell number and function are abnormal, too. Similar to the EAE model, restoration of functional V ␣ 14+ T cells provides protection against T1D progression. These studies indicate that iNKT cells can be modulators of autoimmune pathogenesis by affecting responses mediated by cells of the adaptive immune system. These examples illustrate how iNKT cell function alters progression of autoimmune disease. Although human studies of iNKT cell function in autoimmune diseases are limited in number and quality of controls, the presence of functional iNKT cells in humans makes this cell lineage a great target for therapy to modulate autoimmune disorders.
iNKT Cells in Atherosclerosis
Given that lipid accumulation is a hallmark of atherosclerosis and the fact that iNKT cells are activated by glycolipid antigens, it is not surprising that iNKT cells were hypothesized to play a role in this inflammatory disease. In fact, iNKT cells have been found in human carotid artery plaques, specifically in the shoulder region of these lesions [77] , as well as in human atherosclerotic tissue derived from abdominal aortic aneurysms [78] . In addition, several different approaches have been taken to define the role of these unique cells in atherosclerosis using mouse models of the disease.
Given their strong association with decreasing inflammatory response, a reasonable hypothesis would be that iNKT cells are protective against progression of atherosclerosis. However, since 2004, several studies using both CD1d-deficient mice, which lack iNKT cells, have demonstrated that iNKT cells are pro-atherogenic. For example, when CD1d-/-mice were crossed onto the apoE-/-background, atherosclerosis was decreased [7] [8] [9] . In addition, wild-type CD1d-/-mice fed an atherogenic diet had decreased atherosclerotic lesions [8] compared to controls. It was also shown by our laboratory [7] and others [9] that repeated exogenous activation of iNKT cells by ␣ -GalCer (or the related glycolipid OCH [8] ) increases atherosclerosis in apoE-/-mice. Reciprocally, using an adoptive transfer model of atherosclerosis in which iNKT cells were transferred to RAG1-/-LDLr-/-mice, VanderLaan et al. [79] demonstrated that iNKT cells are pro-atherogenic in the absence of exogenous stimulation by ␣ -GalCer. Studies in CD1d-deficient mice were further confirmed and refined when Rogers et al. [80] observed that loss of functionally active iNKT cells by using a targeted deletion of the J ␣ 18 gene in LDLr-/-mice reduced the formation of early atherosclerotic lesions. These latter experiments demonstrated that the invariant type I NKT cells and not the type II NKT cells (which have variant but limited TCR usage) were responsible for increasing lesion formation in the mouse models of atherosclerosis.
Interestingly, as with many effects of immunity on atherosclerosis, the effects of iNKT cells appear to be most influential during early lesion progression. This was reported by Aslanian et al. [81] who demonstrated that absence of iNKT cells in LDLr-/-mice leads to decreased early atherosclerosis but did not influence later, more advanced lesions, and that the iNKT cell contribution to lesion progression is transient. More recently, an adoptive transfer study using various subsets of iNKT cells transferred to apoE-/-mice fed high-fat diet showed that CD4+ iNKT cells are the subset responsible for pro-atherogenic activity of iNKT cells [82] . This appeared to be related to the decreased expression of the inhibitory surface receptor Ly49 on CD4+ iNKT cells and the increased ability of CD4+ iNKT cells to secrete proinflammatory cytokines such as IL-2, TNF-␣ and IFN-␥ upon stimulation with ␣ -GalCer. These studies illustrate the complexity of the iNKT cell population and highlight the importance of considering their intricate functions in the design of lipid-mediated therapeutics for human inflammatory diseases.
Although most studies assign a pro-atherogenic role for iNKT cells, one study suggests the opposite effect of iNKT cells and therefore deserves discussion. van Puijvelde et al. [83] observed an atheroprotective role for iNKT cells in one model of atherosclerosis. Specifically, exogenous activation of iNKT cells by ␣ -GalCer injections protected LDLr-/-mice, but not apoE-/-mice, from carotid atherosclerosis. However, in contrast to the previous studies which examined aortic sinus atherosclerotic lesions in response to ␣ -GalCer, this study used a model of carotid atherosclerosis induced by placement of perivascular collars around the carotid arteries. These findings suggest that discrepancies in the roles of iNKT cells in atherosclerosis may be a result of the models used or that iNKT cells play different roles in different anatomic sites of the vasculature. At any rate, these diametrically opposed results indicate that further investigations are needed to fully determine the capabilities of iNKT cells to promote or protect against atherosclerosis in different settings.
Effects of Circulating Lipids on iNKT Cell Function
It is well established that increased lipid accumulation is associated with atherosclerosis in both humans and genetically altered mice. Interestingly, van den Elzen et al. [84] have shown that circulating lipoproteins, such as very low density lipoproteins and, more specifically, those associated with apoE, can enhance iNKT cell responses to glycolipid antigen presented by human dendritic cells. The authors suggest that perhaps lipoproteinmediated uptake of bacterial lipid antigens, such as those associated with Mycobacterium spp., and the subsequent activation of NKT cells is an important means to enhance immunity. In addition, it has recently been shown that B cells, which can present lipid antigen to iNKT cells, use an apoE-dependent pathway of lipid antigen presentation, and that these APCs are more dependent upon this pathway than dendritic cells [85] . Studies from our laboratory [7] have shown that iNKT cell numbers in the spleen and liver, as well as iNKT-cell-induced IFN-␥ production, are decreased in apoE-/-mice in an age-dependent manner, which correlates with increased levels of circulating lipids in these mice. Consistent with these results, B6 mice fed a high-fat diet have suppressed iNKTcell-derived IFN-␥ production in response to ␣ -GalCer [86] . To further demonstrate the importance of lipids in iNKT cell responses, LDLr-/-mice fed Western-type diet accumulate a CD1d-dependent antigen in the serum, and the increased level of this antigen is consistent with the presence of LDL [79] . Collectively, these studies support the relationship between iNKT cells and lipoproteins and substantiate the possible link between infection, immunity and the progression of atherosclerosis.
In summary, iNKT cells are a specialized subset of T cells which recognize glycolipid antigens. These unique cells have been studied for their involvement in several inflammatory and autoimmune diseases. Because of their ability to quickly secrete large amounts of pro-and anti-inflammatory cytokines, these cells present an attractive target for potential therapies in human disease. Given that manipulation of iNKT cells has been proposed in human disease therapy, further investigation of how iNKT cells are influenced by their environment and how this might lead to unwanted side effects, such as an increased risk of CVD, could have obvious effects on potential therapeutic strategies.
